A multitracer stable isotope study of lysine kinetics was carried out in fasted adult female volunteers to determine whether a multicompartmental model that partitions protein synthesis and breakdown into at least two types of tissue components can be constructed from plasma and breath data. Five female subjects, maintained on formula diets, received L-113CIlysine (27 Mmol/ kg) as an i.v. bolus and L-1I5N2Ilysine (27 Atmol/kg) as an oral bolus 4 h postprandially. Plasma and breath samples were collected for 6 h. On an alternate day, subjects received NaH'3C03 (10 Atmol/kg) as an i.v. bolus and breath samples were collected for 6 h. Plasma tracer lysine levels were determined by gas chromatography-mass spectrometry isotope ratiometry, and breath 13C02 levels were measured by mass spectrometric gas isotope ratiometry. The tracer data could be fitted to a mammillary multicompartmental model that consisted of a lysine central compartment and slow-and fast-exchanging peripheral compartments containing 37, 38, and 324 gmol/kg, respectively. The rates of lysine oxidation, incorporation into protein, and release by protein breakdown were 21, 35, and 56 mmol/kg/h, respectively, in the fast-exchanging compartment, whereas the rates of protein synthesis and breakdown in the slow compartment were both 53 mmol/kg/min. These values corresponded to a whole-body lysine flux of 106 mmol/kg/h. The kinetic parameters were in excellent agreement with reported values obtained by constant-infusion methods. The measurements indicated that it will be possible to detect changes in amino acid pool sizes and protein synthesis and breakdown associated with the mobilization of protein stores from plasma and breath measurements in multitracer stable isotope experiments.
Introduction
Tracer studies of whole-body protein turnover in humans have characterized the alterations in whole-body protein synthesis and breakdown that account for the changes in nitrogen balance associated with reduced protein and energy intakes, trauma, sepsis, burns, and cancer (1, 2) . Because whole-body protein turnover rates integrate the metabolism ofall proteins throughout all body tissues, they cannot answer questions about the partitioning ofamino acid pools and protein synthesis and breakdown in relation to body size, age, metabolic rate, meal ingestion, long-term dietary intake, or trauma. Tissue sampling (3, 4) and Receivedfor publication 10 December 1984 and in revisedform 2 December 1985. arteriovenous (5) catherization techniques, used extensively in animal studies to characterize protein metabolism in specific tissues, are not applied easily in human investigations (5) (6) (7) (8) . A noninvasive tracer method, based on plasma and breath sampling (9-1 1) , that could resolve protein synthesis and breakdown in different body compartments in human subjects would facilitate the investigation ofthe mobilization of protein stores in response to nutritional, metabolic, and pathophysiologic challenges. A multitracer stable isotope study of lysine kinetics was carried out in fasted adult female subjects to determine whether it was possible to construct an identifiable multicompartmental model from plasma and breath isotopic data that could partition protein synthesis and breakdown into at least two different types ofbody compartments. We report the characteristics of the first multicompartmental model of lysine metabolism in humans, which includes resolution of protein synthesis and breakdown in two peripheral pools with properties that correspond to reported values of muscle and viscera, respectively.
Methods
Materials. NaH'3CO3 (Merck Sharp & Dohme Canada Ltd., Montreal, Quebec), which contained 90 atom percent excess (APE)'"3C as assayed by gas isotope ratio-mass spectrometry, was made up at a concentration of 200 mM in saline and sterilized by filtration. L-[carboxyl-'3C]lysine/ HCI (Merck Sharp & Dohme Canada Ltd.), which contained 99 APE '3C, was assayed by gas chromatography-mass spectrometry and made up to a concentration of 100 mg/ml in water. L-['5N2]lysine/HCl (96 APE '5N) was prepared by microbial fermentation from '5NH4S04 ( 1) and purified before use. It was dissolved in Gatoraid (Stokely Van Camp, Minneapolis, MN) immediately before ingestion. D8-Lysine (Merck Sharp & Dohme) contained 98 APE deuterium and was used as an internal standard in the analytical procedures without further purification. All solutions administered intravenously were tested for sterility and absence of pyrogens before use.
Subjects. Healthy, nulliparous, women (23-33 yr old), whose weights were within 95-120% of ideal body weight and whose diets included at least 50% of the recommended dietary allowances (12), were recruited into the study. The characteristics of the five subjects are given in Table  I . Each subject underwent a physical examination and review of medical history. After a thorough explanation of the purpose of the study, the diet regimen, and the protocol for the kinetic measurements, informed consent was obtained from each subject. (Table II) were calculated from dietary histories. On day 1 of the study, subjects were placed on a Sustacal formula diet (Mead Johnson, Evansville, IN) designed to provide intakes of protein, carbohydrate, and fat composition ( Table II) that approximated prestudy intakes. In addition to the liquid formula, fruits and vegetables were added to the diet up to the level of 5% of protein intake and 150-200 kcal/d. During the course of the 4-d study, intakes of liquid formula and foods were weighed and recorded. Subjects were asked to follow their normal daily routines during the study whenever possible. Bicarbonate and lysine kinetic measurements were made on the mornings of days 2 and 3, respectively. 4 h before the bicarbonate and lysine kinetic measurements, subjects consumed a formula meal which provided 25% of their daily protein intake and 20% of their total energy intake. Except for decaffeinated, sugar-free beverages, subjects fasted for the next 10 h. This feeding schedule for normal subjects was dictated by the length of fast that would be appropriate for breast-feeding mothers who would participate in subsequent studies.
Bicarbonate kinetic measurements. Kinetic studies were based on the protocol previously described by Irving et al. (13) . For the first 60 min of the protocol, subjects wore a face mask fitted with two one-way valves. Respiratory volumes were measured over 2-min periods with a respirometer attached to the inlet valve and samples of respiratory gas were collected for CO2 analysis only after respiratory volumes became reproducible. Thereafter, samples were collected at hourly intervals together with respiratory volume measurements. Samples of respiratory gas (50 ml) for 13C02 analysis were collected at 30, 15, and 2 min before isotope injection and then at 0. 25 Lysine kinetic measurements. Baseline breath samples were collected and respiratory volumes were measured as described above. A heparin lock for blood sampling was placed in the opposite arm from the injection site. Blood samples (2 ml) were drawn immediately before and at 1, 2, 3, 5, 7, 10, 15, 20, 30, 45, 60, 90, 120, 150, 180, 240 , 300, and 360 min after isotope injection. An additional 3 ml of blood was collected immediately before and at 30, 60, 90, 120, 240, and 360 min after isotope injection. Breath samples (50 ml) were collected 30, 15, and 2 min before and at 5, 10, 15, 20, 30, Analytical procedures. The CO2 concentration ofbreath samples taken during the respiratory volume measurements was analyzed by gas-solid chromatography on a Carle I I I instrument (Carle Instruments Inc., Anaheim, CA) at a temperature of 350'C, a helium gas flow of 90 ml/min, and a concentric "CTR" column consisting of an outer 183 X 6-mm column containing molecular sieve and an inner 183 X 3 mm column containing a Poropak mixture (no. 8700, Alltech Associates, Deerfield, IL). The chromatographic separation of C02, 02, and N2 required 2 min. The composition of dry breath samples was calculated using a Hewlett-Packard 3390 integrating recorder (Hewlett-Packard Co., Palo Alto, CA). CO2 output was calculated from CO2 concentration and respiratory volume as previously described (13) . '3C/12C abundance of CO2 was measured by automated gas isotope ratio-mass spectrometry (14) . '3C abundance was calculated as delta per mil vs. the limestone standard, Pee Dee belemnite, and was converted to units of atom % excess X 1,000 (mAPE).
Plasma levels ofendogenous lysine, ['5N2]1ysine, and [m3C1]lysine were determined by gas chromatography-mass spectrometry isotope ratiometry as described by Irving et al. (10) . Lysine was isolated from plasma (500 Ml) on a cation-exchange resin from which it was eluted with 1 ml of 3N NH4CI followed by 1 ml of water. After evaporation of the eluate to dryness, lysine was converted to its dimethylaminomethylene methyl ester derivative by heating to 100IC for 10 min in 10 ul NN-dimethylformamide dimethylacetal and 10 ,ul ofacetonitrile. Derivatized lysine was separated on a 122-cm gas chromatographic column packed with 3% OV-17 on WHP 80/100 mesh (Alltech Associates, Deerfield, IL) and operated isothermally at 240°C. Under these conditions, the lysine fraction eluted at 75 s. Mass spectrometry was carried out on the mass to charge ratio (m/z) 271, 272, and 273 ion signals in the chemical ionization mode using NH3 as the reagent gas. Ion intensity ratios were computed on-line using software written by W. M. Wong of our laboratory. Mole ratios of labeled lysine to endogenous lysine were calculated from the observed m/z 271 + 272 + 273 ion intensities of background plasma samples, from samples of labeled lysine, and from each plasma sample using the method described by Hachey et al. (15) The uptake of amino acids into extracellular spaces and their incorporation into protein are nonlinear processes when measured over a wide range of intra-and extracellular concentrations (17) . The hepatic extraction of enterally administered amino acids is also nonlinear and increases with increasing protein intake ( 18) . However, all tracer methods currently used to estimate protein synthesis in the whole animal are based on the linearization (19) by the tracer experiment of a nonlinear system (assumption a), i.e., a doubling ofthe incorporation ofendogenous amino acid into protein will be accompanied by a doubling in the amount of tracer incorporated into protein, provided the tracer dose is small enough. Analysis of oral tracer data (assumption d) presumes the absence of portal-systemic shunting and saturation of intestinal absorption by the tracer lysine dose, which appears to be reasonable for the normal subjects who were studied.
Determination of the minimum number of pools in the system. Two-, three-, and four-multiexponential equations were fitted to the levels of ['3C]lysine observed after i.v. bolus injection in each ofthe five subjects studied. The two-exponential equation could not account for the shape of the disappearance curves, whereas the use of the four-exponential equation resulted in large uncertainties in the estimated parameters. When the three-exponential equation was fitted to the disappearance curves of ['3C1]lysine, coefficients of variation of less than 0.05 and standard deviations of < 15% of the estimated parameters were obtained for each of the five subjects. These figures indicated that the compartmental model order was three, and that the lysine system contained at least three resolvable compartments. Had the number of resolvable compartments been only two, it would not have been possible to partition lysine metabolism into pools with fast and slow turnover. Estimated parameters were obtained from Eq. 1, C,7v = A le-k + A2e-kQ' + A3e-ky, corrected by the term Cdt, which is the negative area under the curve from time 0 to t0, that arises from the fit of a multiexponential equation to the delayed appearance of an orally administered tracer. ( 1) where C, is the plasma level of labeled lysine at time t, A, is the preexponential term, and ki is the decay term.
Multiexponential analysis of["N2]1ysine data. The plasma levels of orally administered ['5N2]lysine were fitted to two-, three-, and fourexponential equations. Best fits, judged by coefficients of variation and the percent standard deviations of the estimated parameters, were obtained from the use of the three-exponential equation given by Eq. 2,
Determination ofnoncompartmental kinetic parameters. A number of descriptive parameters, such as the systemic availability of orally administered lysine (SA), initial space (Va), total half-life (t), and time (4) required for orally administered lysine to rise to maximum plasma levels starting at the time ofthe first detectable level of labeled lysine in plasma Fig. 1 ). Orally administered lysine was admitted to a single compartment, labeled o, which emptied into compartment f(see assumption d) in which lysine was either irreversibly lost via metabolism (oxidation and protein synthesis) or exported to the central compartment. The ratio ofmetabolism to export was fixed by the reduction in the circulating levels of orally administered compared with i.v. administered lysine. Because both lysine tracers shared the same set of systemic fractional rate constants (see assumptionf), the rate constant for the irreversible loss ofi.v. administered lysine from compartment s was estimated from the observed plasma elimination and the elimination rate constant for compartmentf The four-compartment model accounted for both the gastrointestinal absorption and systemic metabolism oflysine.
Model 2 can be shown to fulfill the two requirements described by Cobelli et al. (21, 22) that are necessary for a multicompartmental model to be system identifiable. First, the system is output-input connectable, because the sites of oral and i.v. administration of tracers are connected to the site of plasma sampling by defined pathways. Second, the number of unknown model parameters, seven rate constants, and one common volume of dilution for the orally and i.v. administered tracers does not exceed the maximum number of estimable parameters, which is eight for model 2. This number was determined in the following manner using the method described by Cobelli et al. (21, 22) . The number of compartments (n) in model 2 is four. The tracer experiment was designed so that there were two input-output subsystems, i.e., i.v. administration into the central pool (c) with i.v. sampling from the central pool (c) denoted by cc, and oral administration into the oral pool (o) with i.v. sampling from the central pool (c) denoted by oc. For the cc subsystem, the term Wa, which is the number of compartments in the subsystem minus the length of the shortest path minus 1, is 3 -0 -1. For the oc subsystem, the term WO, which is the number of compartments minus the length of the shortest path, is 4 -2. The maximum number of estimable parameters is given (21, 22) by n + Was + WO, which is 4 + 2 + 2. The small fractional standard deviations obtained for eight model parameters when fitted to plasma data indicated that model 2 was also parameter identifiable. Model 2 is not unique in the respect that variants of the model could be fitted to the plasma data. However, model 2 was the only configuration that was consistent with the goals of the model development process and partitioned lysine elimination between the two peripheral pools. The next step in the model building process was the partitioning of lysine metabolism into oxidation and protein synthesis. The incorporation ofbreath '3CO2 data into the calculations required the use ofa bicarbonate subsystem that accounted for the losses and delays in 3CO2 excretion associated with the passage of labeled carbon through metabolic carbon and bicarbonate pools.
Determination of the bicarbonate subsystem. Bicarbonate kinetics are affected by diet, metabolic status, and level ofactivity. We previously had determined bicarbonate subsystems for young adult volunteers in either the overnight-fasted state ( 13) or the continuously fed state (23) . These systems, however, were not appropriate for the formula-fed female volunteers for the 4-10-h postprandial period required in this study.
Therefore, a new set of bicarbonate kinetic parameters was obtained for these subjects.
The three-compartment model previously described (13) for adult male volunteers, who were fasted overnight and were in a resting state, was fitted to the levels of '3CO2 in breath obtained during the bicarbonate kinetic measurements. It was expected that the qualitative features of the bicarbonate/CO2 system would be the same in male and female subjects, but that quantitative differences would be found in the rates of elimination and transfer of bicarbonate between compartments, consistent with a postprandial period of 4 h in the female volunteers. As seen in Fig. 2 Partitioning of lysine metabolism. To obtain the rate constants for the incorporation of tracer lysine into protein, the fraction of the irreversible loss oflysine that resulted from oxidation had to be determined. Based on the assumption that all lysine oxidation occurred in compartment f(see assumption e), an additional pathway was added that led from this compartment to compartment bfofthe bicarbonate subsystem (model 3, Fig. 3 ). (To avoid confusion in the nomenclature of the lysine and bicarbonate c,f and s compartments, the prefixes land b have been added to the names of the lysine and bicarbonate compartments, respectively, so that Ic and bc refer to the central lysine and bicarbonate pools, respectively.) The bicarbonate subsystem initially was defined by the set of fractional rate constants determined the previous day in each subject. This model was fitted to the plasma tracer lysine levels and breath '3CO2 levels. The configuration of CO2 elimination pathways, however, failed to account for the very rapid rise in breath 13CO2 levels observed immediately after the i.v. administration of ['3C,]lysine. To account for this rise, an alternate model was constructed in which the additional pathway was redirected to the central pool of the bicarbonate subsystem, bc, (model 4, Fig. 3 ). This model also failed to account for the pattern of labeled CO2 output. Either the systemic model of lysine metabolism or the pathway for CO2 elimination had to be altered to explain the pattern. The rapid early output of "3CO2 could be accounted for in all five subjects by allowing CO2 generated from the lfcompartment to enter a "metabolic carbon pool," mc, a portion ofwhich was eliminated directly in the breath compartment and part of which was emptied into the BS compartment (model 5, Fig. 4) . Even though the physiologic basis ofsuch a pathway ofCO2 elimination was not known, this model proved to be the one with the smallest set of fractional rate constants that could be fit to both plasma and breath data and be consistent with the goals of the model building process.
Determination ofpool sizes, transfer rates, andflux. The fractional rate constants derived thus far describe the kinetics of tracer lysines. In the final phase of multicompartmental analysis, information obtained from the kinetics of tracer lysine was used to obtain three types of parameters that describe the kinetics of unlabeled free lysine. These were (a) pool sizes, the amount offree lysine in each ofthe three (7, 8) . Fig. 5 for five subjects, could be described by a three-exponential decay function (Eq. 1) whose constants are given in Table III . Plasma levels oftracer lysines ranged from 200 to 2 nmol/ml over the course of 360 min, and could be measured with an precision of <1 nmol/ml (SD). Lysine kinetics also could be described in a noncompartmental manner using kinetic parameters (Table IV) derived from the multiexponential decay constants (Table III) . The initial volume of distribution had a mean value of 195 ml/kg, while the total volume ofdistribution was 1,523 ml/kg, indicating that lysine had been taken up into tissues whose intracellular lysine levels exceeded those in plasma. '3Co2 after NaH'3CO3 for subjects, Cl-C5, and the set of averaged subjects' curves (Cav) Calculated values were obtained using the complete set of fractional rate constants given in Table VII and model 5 shown in Fig. 4 .
Bicarbonate kinetic parameters. The bicarbonate multicompartment model previously applied to adult subjects, who were in the resting state and who had fasted overnight, could be fitted without difficulty to the levels of excess "3CO2 in breath after the administration of NaH 3CO3 to subjects in this study. Female subjects in a resting state over the period of4-10 h after a formula meal were found to have central, fast-exchanging peripheral, and slow-exchanging peripheral pools containing 2,564±1,410, 5,280±2,699, and 6,875±1,714 Atmol/kg, respectively, of bicarbonate/CO2/metabolic carbon. The total flux was 187±16 ,mol/ Table VII for the five subjects and the averaged subject curves. Pool sizes, transfer rates, and inputs of endogenous lysine are given in Table VIII for the steady-state solution based on the case of free lysine balance in the slow-exchanging peripheral pool.
The lysine multicompartmental model possessed the following features: using the parameters derived from the averaged (Fig. 4) . After a delay of -10 min (to), orally administered lysine was emptied, in a first-order kinetic process with a half-life of 8.49 min (tG), into compartment Ifthat contained 37.1 ,umol/kg of endogenous lysine. Of the lysine that entered the fast-exchanging peripheral lysine compartment (If), 9 .6% was oxidized (Rm,#) and 11.8% was removed by nonoxidative pathways (Rpr,/#), primarily protein synthesis. Thus, 21.5% of orally administered tracer lysine was eliminated on its first tr, elapsed time from appearance to maximal level (Eq. 12); t4,0, terminal half-life (Eq. 11); VT0, final volume of dilution (Eq. 9). Abbreviations are defined in Fig. 4 with exceptions of Pr = protein and kk, which is the fraction of the total pool that is contained in 1 ml plasma. Cav values were obtained from analysis of averaged curves. Mean values are the average of the values from C, to C5. Subscripts follow the "to, from" convention.
Labeled C02, which entered the metabolic carbon pool (mc), was partitioned between direct transfer to breath (compartment b) and passage into one of the peripheral bicarbonate/CO2/metabolic carbon pools (compartment bs), i.e., 38% of labeled carbon was shunted directly to breath without equilibrating with whole body bicarbonate stores (compartments bf, bc, bs).
The values provided above for transport and metabolism of tracer lysine were applicable also to endogenous lysine, with the exception that endogenous lysine was introduced continuously into compartments Wand Is by protein breakdown. Protein breakdown and synthesis rates. Lysine input, as a result of protein breakdown into the peripheral compartments If and Is, was indeterminable from the data collected in this study. The lysine compartmental model, however, provided a linear correlation between net protein lysine balance in compartments Wand is and overall whole body lysine flux, as well as boundary conditions. The first boundary condition is the absence of protein breakdown in compartment Is (Fig. 6) 
Discussion
Multicompartmental analysis of lysine kinetics in humans has shown that it is possible to partition whole-body protein synthesis and breakdown into processes occurring in two compartments distinguished by their respective rates of lysine exchange with the central compartment. The potential importance of such a model is that it could be used to measure the depletion and repletion of muscle and visceral protein stores and changes in the levels of free amino acid pools under a variety of nutritional, metabolic, and pathophysiologic conditions. The utility of the lysine compartmental model depends on the extent to which the mathematical compartments can be assigned to metabolic or anatomic entities and also on the agreement of the wholebody kinetic parameters, derived from the compartmental model, with those previously obtained by constant infusion measurements of amino acid flux and oxidation.
Multicompartmental analysis revealed three distinct lysine pools. The central pool of which plasma is a part had a volume of -227 ml/kg, which suggests that it consists primarily of free lysine in extracellular fluids. Lysine in intracellular spaces must therefore contribute to the two peripheral pools. Tissues which have similar rates of exchange of intracellular lysine with extracellular lysine would be "lumped" into the same peripheral pool. The kinetic characteristic of each of the "lumped" peripheral M, R, and U refer to mass, transfer rates, and input rates. Subscripts are defined in Fig. 3 . (17) and 74 (18) ,gmol/kg/d. The results obtained by multicompartmental analysis in the present study are in good agreement with these values. In an analysis of the set of averaged curves, lysine flux ranged from 91 to 1 19 Atmol/kg/min, depending on the partitioning ofprotein breakdown between body pools, and had a value of approximately 105 gmol/kg/min which was near the physiologically relevant condition of negative protein balance in the visceral compartment and almost balanced synthesis and breakdown in the peripheral compartment. For the same set ofconditions, the multicompartmental value of lysine oxidation ranged from 15 to 25 ,umol/kg/h, in excellent agreement with the reported value (27). The mean plasma lysine level of 204 Amol/liter also was in agreement with the values reported by Meredith et al. (27) , interpolated to a lysine intake value of 85 mg/kg/d.
Multicompartmental analysis provides many types of pool size and transfer rate data that can be subjected subsequently to exhaustive correlation analysis. Such a statistical analysis is beyond the scope of this paper, but one trend in the data seems worthy of mention. The absolute rate of lysine oxidation does not appear to be dependent on the free lysine level in the visceral compartment. The rates of both protein synthesis and breakdown, however, seem to increase as the free lysine level in the compartment increases. Furthermore, the subject with the highest visceral lysine pool had the smallest muscle lysine pool and vice versa. Multicompartmental kinetic data have the potential to provide insights into the relationship between the size of free amino acid pools and the absolute rates of protein synthesis and breakdown, as well as into the relationship between changes in free amino acid pools in various body compartments.
In During the multicompartmental analysis of these data, a great potential synergy between bolus input and continuous infusion kinetic data became apparent. The exact partitioning of protein synthesis and breakdown between visceral and muscle compartments was indeterminable when only bolus input data were analyzed. Simulation calculations, however, indicated that when an independent estimate of whole-body lysine flux, such as that obtained from the primed constant-infusion method (30) , was combined with the bolus input-response data, the partitioning of protein synthesis and breakdown between visceral and muscle compartments could be fixed. From future studies that utilize primed constant infusion and bolus i.v. injections of various forms of stable isotope-labeled lysine, it should be possible to determine whether the lysine multicompartment kinetic model correctly predicts the expected changes in protein balance in the viscera and muscle on going from the fasted to the fed state.
